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Proinflammatory cytokines, including IL-1b and tumor necrosis
factor-a (TNF-a), promote cancer cell adhesion and liver metastases
by up-regulating the expression of vascular cell adhesion mole-
cule-1 (VCAM-1) on hepatic sinusoidal endothelium (HSE). In this
study, hepatic metastasis after intrasplenically injected mouse B16
melanoma (B16M) cells was reduced 84–95% in mice with null
mutations for either IL-1b or the IL-1b-converting enzyme (ICE,
caspase-1) compared with wild-type mice. On day 12, 47% of
wild-type mice were dead compared with 19% of either IL-1b or
ICE-deficient mice. In vitro, conditioned medium from B16M cells
(B16M-CM) induced the release of TNF-a and IL-1b from cultures of
primary murine HSE. The effect of B16M-CM on HSE resulted in
increased numbers of B16M cells adhering to HSE, which was
completely abrogated by a specific inhibitor of ICE, anti-IL-18 or
IL-18-binding protein. Exogenous IL-18 added to HSE also increased
the number of adhering melanoma cells; however, this was not
affected by IL-1 receptor blockade or TNF neutralization but rather
by anti-VCAM-1. These results demonstrate a role for IL-1b and
IL-18 in the development of hepatic metastases of B16M in vivo. In
vitro, soluble products from B16M cells stimulate HSE to sequen-
tially release TNF-a, IL-1b, and IL-18. The IL-18 cytokine increases
expression of VCAM-1 and the adherence of melanoma cells.

The adhesion of circulating cancer cells to capillary endothelia
is a critical step in the initiation of metastasis (1). Vascular

cell adhesion molecule-1 (VCAM-1), up-regulated by proin-
flammatory cytokines, facilitates the binding of leukocytes to
activated endothelial cells. The adhesive function of VCAM-1 is
also used by cancer cells to enhance metastatic implantation and
spread (2). For example, IL-1b and tumor necrosis factor-a
(TNF-a) are known to potentiate the metastasis of very late
antigen-4-expressing mouse B16 melanoma (B16M) cells in lung
tissue by a mechanism which involves the up-regulation of
VCAM-1 expression on endothelial cells (3, 4). We also have
demonstrated that IL-1 significantly contributes to hepatic col-
onization of B16M cells both in normal and lipopolysaccharide-
treated mice (5, 6). In addition, mannose receptor-mediated
murine hepatic sinusoidal endothelium (HSE) activation in-
volves endogenous IL-1-mediated expression of VCAM-1, lead-
ing to increased B16M cell adhesion and metastasis (7). IL-1b-
activated HSE cells release very late antigen-4-stimulating fac-
tors that potentiate B16M cell adhesion to HSE (8). Thus, IL-1
can create a prometastatic microenvironment for certain intra-
sinusoidally arrested very late antigen-4-expressing cancer cells.

In the present study, the role of the IL-1b-converting enzyme
(ICE, caspase-1) in B16M melanoma metastasis in mice was
investigated. ICE cleaves the precursors of both IL-1b and IL-18
(9, 10), and hence, inhibitors of ICE or mice with a null mutation
for ICE result in a deficiency in the release of biologically active
IL-1b as well as biologically active IL-18. To differentiate
between the role of either cytokine in ICE-deficient mice, we
compared B16M metastasis after intrasplenic injection of B16M
cells into mice deficient in ICE or IL-1b. The role of IL-18 in
metastatic spread via activation of HSE is unknown, although

IL-18 is a proinflammatory cytokine with several similarities to
IL-1b (11), including up-regulation of adhesion molecules (12).
However, IL-18 is different from IL-1 in that IL-18 plays an
essential role as an interferon-g (IFN-g)-inducing factor (13–
15). IL-18 is a product of macrophages and particularly the
Kupffer cells (13), and therefore may play a role in hepatic
metastasis by altering the microenvironment of the hepatic
sinusoidal wall.

The conditioned medium from B16M cells (B16M-CM) con-
tains spontaneously released, unknown soluble ‘‘factors’’ that, in
turn, stimulate the production of IL-1b and TNF-a as well as the
expression of VCAM-1 on HSE (16). Inhibitors of ICE, IL-1
receptor blockade, and neutralization of TNF were employed to
characterize the cytokine cascade induced by these soluble
factors on HSE activation. In addition, the role of IL-18 in B16M
adhesion to HSE was investigated by using the newly described,
naturally occurring IL-18 binding protein (IL-18BP) (17). Al-
though IL-18BP circulates in healthy subjects and appears to be
a natural inhibitor of production of the T-cell helper cytokine
IFN-g (17), there may be a role for IL-18BP in regulating host
resistance to cancer by either affecting the adhesion of cancer
cells to vascular endothelium or suppressing the T-cell helper
function of immunosurveillance to malignant cells.

Materials and Methods
Reagents. Rat anti-mouse IgG and rat anti-mouse VCAM-1 mAb
were obtained from Serotec. Recombinant murine IL-1b was
obtained from R & D Systems. Recombinant human IL-1
receptor antagonist (IL-1Ra) was a kind gift from Amgen
Biologicals, and recombinant human TNF-binding protein
(TNFbp), the native p55 TNF soluble receptor (18, 19) was a
kind gift from Serono Laboratories (Randolph, MA). ICE
inhibitor (ICEi) was purchased from Alexis Co. (San Diego,
CA). Recombinant murine IL-18 and rabbit anti-mouse IL-18
IgG were purchased from PeproTech EC (London, U.K.).
Recombinant human IL-18BP was produced as described (17).
Reverse transcription–PCR for murine IL-18 was determined as
described (20).

Culture of B16M Cells. B16M cells intended for intrasplenic injec-
tion were cultured, maintained, and passaged as described (8).
B16M-CM was prepared as follows: 5 3 105 B16M cells were
plated in a 25-cm2 T-flask and cultured for 24 h in 5% FCS. Cells
were cultured for an additional 24 h in serum-free medium (final
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cellular density of 6 3 104 cellsycm2). Supernatants were col-
lected, diluted 1:3 in fresh serum-free medium, and passed
through a 0.22 mm filter.

Quantitative B16M Cell Adhesion to Primary HSE Cultures. HSE cells
were separated from syngeneic mice, identified, and cultured as
described (21). B16M cells were labeled with 29,79-bis-(2-
carboxyethyl)-5,6-carboxyfluorescein-acetoxymethylester solu-
tion (Molecular Probes, Eugene, OR) as reported (6). HSE cells
were incubated with various stimulants or inhibitors as indicated
in each figure legend. Following the incubation times, the HSE
was washed and the number of labeled cells determined. For the
adherence cell assay, 2 3 105-labeled B16M cells were added to
wells. After an 8-min incubation at 37°C, HSE cells were washed
three times with fresh medium. The number of adhering cells was
determined by using a quantitative method based on a previously
described fluorescence measurement system (6). The percentage
of B16M cells adhering to HSE was calculated as the relative
value with respect to the initial number of added cells.

Cytokine Analysis. Release of cytokines from cultures of primary
HSE cells and B16M cells was measured by using specific ELISA
kits for mouse IL-1b and TNF-a (R & D Systems). Circulating
IFN-g and IL-1b in mice was measured as described (22).

Hepatic Metastasis Assay. The protocol was approved by the
University of Colorado Health Sciences Animal Care Commit-
tee. IL-1b2/2 and ICE2/2 male mice were generated as described
(23, 24). Six- to eight-week-old mice (housed five per cage) were
used. Hepatic metastases were produced by the intrasplenic
injection into anesthetized mice of 3 3 105 viable B16M mela-
noma cells suspended in 0.1 ml Hanks’ balanced salt solution (6).
Mice were killed under anesthesia on the 10th day after the
injection of cancer cells. Liver tissue was fixed in PBS with 10%
formaldehyde, pH 7.4, and processed for routine histology.
Densitometric analysis of digitized microscopic images was used
to discriminate metastatic B16M from normal hepatic tissue.
The mean number of melanoma foci in 15 10 3 10 mm2 sections
per liver was determined. The density of liver metastasis, which

is the number of metastases per 100 mm3 of liver, was calculated
with the stereological procedures described (5).

Results
Reduced Metastasis and Growth of B16M Cells Injected into IL-1b- and
ICE-Deficient Mice. Initial experiments examined mortality. Seven
of 15 wild-type (WT) mice injected intrasplenically were dead on
day 12, whereas only 3 out of 16 of both the IL-1b2/2 and ICE2/2

were dead on day 12. However, to quantitate the degree of
hepatic metastasis ante mortem, the experiment was repeated
and mice were killed on day 10 after the injection of tumor cells.
Separated by 1 year, in two independent experiments and by
using two different cultures of B16M cells, mice were injected
intrasplenically into WT background, IL-1b2/2 and ICE2/2

mice. Ten days later, gross inspection demonstrated visible
melanotic tumors in the spleen from all mice, without significant
differences in size as evaluated by splenic weight. In contrast, a
marked decrease in metastasis was present in the livers of
IL-1b2/2 and ICE2/2 mice compared with WT mice (Fig. 1).
Quantitative histological analyses on number and size of meta-
static foci were performed to determine metastasis density (as
number of foci per 100 mm3) and metastasis volume (percent
organ occupancy). As shown in Table 1, compared with WT
mice, hepatic metastasis density was significantly reduced (84–
95%, P , 0.01) in the livers of IL-1b2/2 and ICE2/2 mice. These
results indicate that most of the injected B16M cells were unable
to implant in the hepatic tissue of the mutant mice. In addition,
metastasis volume, an indicator of metastatic growth, was also
significantly reduced in IL-1b2/2 and ICE2/2 mice six- to
sevenfold (P , 0.01, Table 1). We also observed a difference in
these metastasis parameters between IL-1b2/2 and ICE2/2

mice, particularly in experiment 1. The mean number of meta-
static foci in the WT mice was 234; the IL-1b2/2 mice, 25; and
only 13 in the ICE2/2 mice, which was a 95% reduction.

Autocrine IL-18 Mediates TNF-a- and IL-1b-Induced Adhesiveness on
B16M-CM-Activated HSE. Incubation of B16M-CM with HSE re-
sulted in a significant (P , 0.01) increase in the adhesiveness of
B16M cells as well as release of TNF-a and IL-1b into the HSE

Fig. 1. Experimental hepatic colonization after intrasplenic injection of B16M cells into WT (A), IL-1b2/2 (B), or ICE2/2 (C) mice. Livers were removed on day 10
after injection of melanoma cells, fixed, and photographed. Metastases can be identified by black melanotic nodules. These livers are taken from mice depicted
in Table 1, Experiment I.
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supernatant (Fig. 2). In the presence of ICEi, both the increased
release in IL-1b as well as the increase in melanoma cell
adhesiveness was completely abrogated, without decreasing
TNF-a. The addition of anti-IL-18 IgG also completely abro-
gated the increase in adhesiveness but did not affect the release
of IL-1b or TNF-a. There were no statistically significant
changes in IL-1b or TNF-a levels or in the number of adhering
B16M cells to HSE cells when these cells were treated with ICEi
or anti-IL-18 IgG in the absence of B16M-CM (data not shown).
These results suggest that soluble factors present in the
B16M-CM induce a cascade that begins with the release of
TNF-a and is followed sequentially by ICE-dependent release of
IL-1b and IL-18. Because antimurine IL-18 completely reduced
the increase in HSE adhesiveness, IL-18 appears to be respon-
sible for the expression of VCAM-1 in activated HSE.

In the next experiment shown in Fig. 3, exogenously added
murine IL-1b did not reverse the effect of ICEi on HSE (Fig.
3A). This suggests that in addition to inhibiting the processing of
the IL-1b precursor, the ICEi is also inhibiting the processing of
the IL-18 precursor. Reverse transcription–PCR confirmed that
HSE cells constitutively express IL-18 mRNA, as observed in
murine spleen cells (20). The ability of murine IL-1b to directly
increase the adherence of B16M cells is shown in Fig. 3B;
however, in the presence of antimurine IL-18, this increase is
reversed, again suggesting that IL-1b-induced IL-18 is increasing
the expression of VCAM-1 on HSE. In a similar fashion, TNF-a
added to HSE up-regulates melanoma cell adhesion (Fig. 3C),
but this is reduced by the presence of anti-IL-18.

The above data provide evidence that B16M-CM contains
soluble factors that trigger a cascade in HSE in which the last
steps leading to increased adhesiveness for melanoma cells
involve release of biologically active IL-18. To demonstrate this,
B16M-CM was incubated with HSE in the presence of recom-
binant human IL-18BP, which binds and neutralizes murine
IL-18 (17). As shown in Table 2, IL-18BP prevents the adhesion
of B16M melanoma cells induced by B16M-CM. The addition of
IL-18BP to HSE reduced the percent of adhering cells from 35.1
to 8.7% (P , 0.01). This represents a 100% inhibition and is
consistent with the high affinity binding of IL-18BP to IL-18 and
complete neutralization of its biological activities at a molar
excess of two (25). In fact, the number of adhering cells was
below the number of adhering cells incubated with basal me-
dium, suggesting IL-18BP suppression of constitutive as well as
inducible IL-18 from HSE. These results demonstrate that
IL-18-activated HSE is an essential component of adhesion of
melanoma cells to HSE cells. In preliminary studies, in vivo
administration of IL-18BP or anti-IL-18 antibodies before in-
trasplenic injection of B16M reduced the number of hepatic
metastatic foci and metastatic density on day 10 by .50%.

Direct evidence that IL-18 increases the expression of
VCAM-1 on HSE is shown in Fig. 4. Murine IL-18 was incubated
with HSE cells in the presence of TNFbp, IL-1Ra, or anti-
VCAM-1. IL-18 increased the adhesiveness of B16M cells (P ,
0.01) which was not affected by the presence of TNFbp or
IL-1Ra, both present in high concentrations. However, anti-
VCAM-1 completely reduced the IL-18-induced increase in the
number of melanoma cells adhering to HSE cells. A nonspecific
IgG did not affect the up-regulation of B16M cell adhesion to
IL-18-treated HSE (data not shown).

Discussion
Inflammatory mechanisms facilitate cancer metastasis. Previous
work has focused on IL-1 (4–6, 8, 26–30) and TNF (3, 31–33) as
prometastatic cytokines. Although specific blockade of endog-
enous IL-1 and TNF reduce metastasis, other factors or cyto-

Table 1. Hepatic colonization following intrasplenically injected
B16M cells into WT, IL-1b2y2, or ICE2y2 mice

Mouse group
Metastasis density, no.

foci per 100 mm3

Metastasis volume,
% liver volume

Experiment I
WT 234.16 6 58.36* 66.18%
IL-1b2y2 25.18 6 21.02† 10.05%
ICE2y2 13.56 6 16.20† 2.1%

Experiment II
WT 198.40 6 100.54 59.62%
IL-1b2y2 33.79 6 19.89† 9.70%
ICE2y2 27.73 6 15.68† 8.08%

*Means 6 SD of two independent experiments performed one year apart
(7–15 mice per group).

†P , 0.01 with respect to WT mice by ANOVA and the Scheffe F test.

Fig. 2. Effect of B16M-CM on adhesion of B16M cells to HSE. Cultured HSE
cells were incubated in the presence of B16M-CM for 10 h. (A) Percent of
adhering B16M cells to HSE incubated with B16M-CM in the presence of ICEi
(10 mM) or anti-IL-18 (10 mgyml). (B) Level of IL-1b in HSE supernatants before
adhesion assay. (C) Level of TNF-a in HSE supernatants before adhesion assay.
After the removal of the HSE supernatants, the adhesion cell assay was
performed as described in Materials and Methods. Data represent the
means 6 SD of four separate experiments performed by using four different
preparations of HSE cells, each in six replicates (n 5 24). p, P , 0.01 for the
percentage of B16M cells adhering to B16M-CM-treated HSE and of IL-1b and
TNF-a production with respect to the basal medium. The Student’s two-tailed,
unpaired t test was used.
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kines, acting via the same or alternative pathways, are surely
involved. In the present study, we have identified IL-18 as a
proinflammatory cytokine with an unexpected pivotal position

in the cytokine hierarchy that functions to increase metastatic
spread in this model. We show that hepatic metastasis of
intrasplenically injected B16M cells is dramatically reduced in
IL-1b2/2 and almost completely inhibited in ICE2/2 mice.
Splenic weights were not different, suggesting that the cytokine
effects were at the level of hepatic implantation rather than on
tumor growth at the injection site. Because ICE regulates the
processing of both the IL-1b as well as the IL-18 precursors into
biologically active molecules, the ICE2/2 mice represent a quasi
double knock-out mutant.

Although the present data showing reduced hepatic metasta-
ses in IL-1b-deficient mice confirm previous data demonstrating
a role for IL-1 in hepatic spread of B16 (6, 34), those studies did
not discriminate between a role for IL-1a or IL-1b. The present
observation in IL-1b-deficient mice demonstrates that IL-1b and
not IL-1a participates in the metastatic process. In fact, others
have shown that IL-1a can protect against tumor growth (35).
Similarly, IL-1b and not IL-1a is responsible for the develop-
ment of the acute-phase response following turpentine-induced
tissue damage and inflammation (36, 37).

From in vitro experiments, the data also indicate that the
prometastatic effect of IL-18 depends on VCAM-1 expression,
because VCAM-1 up-regulation accounts for all the adhesion-
stimulating activity of B16M-CM-treated HSE. In this regard,
preliminary studies by Western blot analysis confirm that re-
combinant murine IL-18 induces HSE expression of VCAM-1.
In macrophagic cells, IL-18 increases expression of ICAM-1
(12). Thus, it is likely that IL-18-induced VCAM-1 expression
itself can account for cancer cell adhesion to inflamed HSE and,
hence, for inflammation-augmented hepatic metastases.

We also found that IL-18 neutralization did not reduce
B16M-CM-induced TNF-a or IL-1b release from HSE, suggest-
ing that their production was IL-18 independent. Conversely,
neither TNFbp nor IL-1Ra was able to inhibit the increase in
adhesiveness in IL-18-treated HSE, confirming that neither
endogenous TNF nor IL-1 accounted for IL-18-induced HSE
adhesiveness. This is in contrast to the effect of IL-18 in human
peripheral blood mononuclear cells where the primary target cell
of IL-18 is the non-CD141 T and natural killer cell (38). These
cells express receptors for IL-18, which, after stimulation by

Fig. 3. B16M cell adhesion to cytokine-activated HSE. (A) HSE cells were
incubated with basal medium or stimulated with B16M-CM for 8 h. ICEi (10
mM) was added to some wells 18 h before stimulation with B16M-CM. Recom-
binant murine IL-1b (1 ngyml) was added together with B16M-CM. (B) The HSE
was stimulated with 1 ngyml murine IL-1b for 6 h with and without antimurine
IL-18 IgG (10 mgyml) added 1 h before the IL-1b. (C) The HSE was stimulated
with 100 pgyml murine TNF-a for 6 h with and without antimurine IL-18 IgG
(10 mgyml) added 1 h before the TNF-a. After each of the indicated incubation
times, the adherence cell assay was performed as described in Materials and
Methods. The results represent the means 6 SD of three separate experiments,
each in six replicates (n 5 18). Differences in the percent of adhering cells with
respect to untreated HSE (p) and IL-1b- or TNF-a-treated HSE (pp) were statis-
tically significant (P , 0.01) by the Student’s two-tailed, unpaired t test.

Table 2. Inhibitory effect of IL-18BP on B16M-CM-induced
adhesion of B16M melanoma cells to hepatic sinusoidal
endothelial cells

% Melanoma cell adhesion*

Basal medium 10.15 6 1.5
B16M-CM 35.10 6 4.4
B16M-CM 1 IL-18BP (1 ngyml) 15.00 6 2.5†

B16M-CM 1 IL-18BP (10 ngyml) 8.70 6 1.1†

*Means 6 SD of two independent experiments performed in six replicates
(n 5 12 for each condition).

†P , 0.01 with respect to B16-CM by ANOVA and the Scheffe F-test.

Fig. 4. Effect of anti-VCAM-1 on B16M cell adhesion to IL-18-treated HSE.
HSE cells were incubated with 1 ngyml recombinant murine IL-18 for 6 h. In
some wells, 1 mgyml TNFbp or 100 ngyml IL-1Ra were added 10 min before
IL-18. In other wells, 10 mgyml anti-VCAM-1 antibody or 10 mgyml anti-mouse
IgG was added to HSE cells 30 min before the B16M cell adhesion assay. The
percent of adhering B16M cells was determined as described in Materials and
Methods. The results represent the means 6 SD of three separate experiments,
each in six replicates (n 5 18). Differences in the percent of adhering cells with
respect to basal medium-treated HSE (p) or IL-18-treated HSE (pp) were statis-
tically significant (P , 0.01 by the Student’s two-tailed, unpaired t test).
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IL-18, release TNF. However, in the case of more typical
reticuloendothelial cells such as the HSE cell, IL-18 is down-
stream from IL-1b and TNF. Thus, in HSE, a proinflammatory
cytokine cascade exists in which TNF-a induces IL-1b; then,
IL-1b, either alone or with TNF-a, induces IL-18 release. As
such, TNF-a and IL-1b use the production of IL-18 to facilitate
the increase in expression of VCAM-1 (Fig. 5).

Unlike murine HSE, B16M cells did not constitutively express
IL-18 mRNA as determined by reverse transcription–PCR, and
incubation with ICEi for 18 h did not abrogate cytokine- and
adhesion-stimulating activities of B16M-CM on HSE (data not
shown). Therefore, there is no IL-18 in the B16M-CM to account
for these findings. However, local production of IL-18 by HSE
may arrest B16M cells during transit through the hepatic micro-
vasculature. Additional findings were that B16M cells incubated
with 1 ngyml murine IL-18 for 6 h increased their adhesion to
untreated HSE by twofold and increased their proliferation,
suggesting that very late antigen-4 interaction was involved (data
not shown). These findings are also in agreement with the
reduction in metastasis volume observed in IL-1b2/2 and
ICE2/2 mice (Table 1).

The role of IL-18 as an IFN-g-inducing factor in the present
study remains unknown. Following intrasplenic injection of 3 3
105 viable B16M cells, there was no increase in circulating IL-1b
or IFN-g in WT mice. However, IFN-g plays both an agonist as
well as an antagonist role in experimental models of various
diseases (39). There is ample evidence that IFN-g contributes to
the immunostimulating, antitumor effects of several biological
modifiers in murine cancer models. Indeed, the expression of
mature IL-18 by genetically altered murine mammary carcinoma
cells reduced the local growth of the tumor. This was caused by
the production of IFN-g (40). Because a reduction in IFN-g
production in ICE2/2 mice is likely and since neutralization of
IL-18 in vitro contributes to the findings of the present study, the
role of IFN-g in this model must be one of proinflammatory and

not one of immunostimulation. IFN-g is known to increase the
expression of endothelial cell adhesion molecules.

IL-18BP is a unique, naturally occurring inhibitor of the biolog-
ical activity of IL-18. IL-18BP resembles a soluble receptor for IL-18
but is unique in that it lacks a transmembrane and cytosolic domain
(17). Recombinant IL-18BP completely reduced the adhesiveness
of B16M-CM-stimulated HSE for melanoma cells, placing IL-18 in
a strategic role for up-regulating the metastatic microenvironment
of the liver sinusoids. IL-18BP is a constitutively expressed, circu-
lating molecule but the levels of IL-18BP in patients with melanoma
are presently unknown. Nevertheless, the balance between the
naturally occurring agonist and antagonist may affect the outcome
of melanoma implantation in the liver.

IL-18BP administration may also be useful in patients with
melanoma or other cancer cells that employ VCAM-1-mediated
adhesion to endothelia as a mechanism for invasion. However,
IL-18 plays an essential role in regulating the production of the
T-cell helper type 1 cytokine, IFN-g. Several studies, in fact,
show that administration of IFN-g in various animal models of
cancer growth serves to augment the immune response to the
malignant cells. In fact, IL-18 has been used to increase the
immune response against certain cancers in mice (41). Assuming
the inhibition of IFN-g production by IL-18BP does not impact
on the immune response to the malignant cells, IL-18BP may be
useful as adjuvant therapy in reducing adhesion of malignant
cells to vascular endothelia, particularly in the liver.
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